The circadian clock plays a pivotal role in the control of Arabidopsis hypocotyl elongation by regulating rhythmic expression of the bHLH factors PHYTOCHROME INTERACT-ING FACTOR 4 and 5 (PIF4 and 5). Coincidence of increased PIF4/PIF5 transcript levels with the dark period allows nuclear accumulation of these factors, and in short days it phases maximal hypocotyl growth at dawn [1] [2] [3] . During early night, PIF4 and PIF5 transcription is repressed by the Evening Complex (EC) proteins EARLY FLOWERING3 (ELF3), EARLY FLOWERING4 (ELF4), and LUX ARRHYTHMO (LUX) [4] . While ELF3 has an essential role in EC complex assembly, several lines of evidence indicate that this protein controls plant growth via other mechanisms that are presently unknown. Here, we show that the ELF3 and PIF4 proteins interact in an EC-independent manner, and that this interaction prevents PIF4 from activating its transcriptional targets. We also show that PIF4 overexpression leads to ELF3 protein destabilization, and that this effect is mediated indirectly by negative feedback regulation of photoactive PHYTOCHROME B (phyB). Physical interaction of the phyB photoreceptor with ELF3 has been reported, but its functional relevance remains poorly understood. Our findings establish that phyB is needed for ELF3 accumulation in the light, most likely by competing for CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1)-mediated ubiquitination and the proteasomal degradation of ELF3. Our results explain the short hypocotyl phenotype of ELF3 overexpressors, despite their normal clock function, and provide a molecular framework for understanding how warm temperatures promote hypocotyl elongation and affect the endogenous clock.
The circadian clock plays a pivotal role in the control of Arabidopsis hypocotyl elongation by regulating rhythmic expression of the bHLH factors PHYTOCHROME INTERACT-ING FACTOR 4 and 5 (PIF4 and 5). Coincidence of increased PIF4/PIF5 transcript levels with the dark period allows nuclear accumulation of these factors, and in short days it phases maximal hypocotyl growth at dawn [1] [2] [3] . During early night, PIF4 and PIF5 transcription is repressed by the Evening Complex (EC) proteins EARLY FLOWERING3 (ELF3), EARLY FLOWERING4 (ELF4), and LUX ARRHYTHMO (LUX) [4] . While ELF3 has an essential role in EC complex assembly, several lines of evidence indicate that this protein controls plant growth via other mechanisms that are presently unknown. Here, we show that the ELF3 and PIF4 proteins interact in an EC-independent manner, and that this interaction prevents PIF4 from activating its transcriptional targets. We also show that PIF4 overexpression leads to ELF3 protein destabilization, and that this effect is mediated indirectly by negative feedback regulation of photoactive PHYTOCHROME B (phyB). Physical interaction of the phyB photoreceptor with ELF3 has been reported, but its functional relevance remains poorly understood. Our findings establish that phyB is needed for ELF3 accumulation in the light, most likely by competing for CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1)-mediated ubiquitination and the proteasomal degradation of ELF3. Our results explain the short hypocotyl phenotype of ELF3 overexpressors, despite their normal clock function, and provide a molecular framework for understanding how warm temperatures promote hypocotyl elongation and affect the endogenous clock.
Results and Discussion

ELF3 Binds the PIF4 bHLH Domain and Suppresses PIF4 Protein Transcriptional Activity
The PIF4 and PIF5 bHLH factors control plant growth by directly activating the expression of genes involved in cell wall loosening and directional cell expansion [5] [6] [7] . The circadian clock regulates PIF4 and PIF5 gene expression, whereas light-activated phytochromes signal phosphorylation and specific destruction of the PIF4/PIF5 proteins in the light [8] [9] [10] . Such control at both the gene expression and protein levels is critical for modulation of PIF4 and PIF5 nuclear accumulation in diurnal light/dark cycles, and in short days phases maximal hypocotyl growth at dawn [1-3, 11, 12] . Rhythmic PIF4 and PIF5 expression is regulated by the Evening Complex (EC), formed by interaction of the ELF3, ELF4, and LUX proteins, which bind the PIF4 and PIF5 promoters via the LUX transcription factor and repress PIF4/PIF5 expression during early night [4] . Assembly of this multiprotein complex requires ELF3 function, which acts as an interaction scaffold between the ELF4 and LUX proteins. Mutations in the elf3, elf4, or lux genes lead to a tall hypocotyl and early flowering phenotype [13, 14] that is suppressed by loss-of-function mutations in the pif4 and pif5 genes [4] . Loss of pif4pif5 function, however, does not rescue the arrhythmic clock function of these mutants [15] [16] [17] , with more recent data showing that the ELF4-ELF3-LUX complex functions as an integral part of the core oscillator, as it mediates nighttime repression of the clock PRR9, PRR7, GI, and LUX genes [18] [19] [20] [21] .
ELF3 also has an essential function in modulating light input to the clock and in resetting the oscillator [15, 17, [22] [23] [24] through a poorly understood mechanism. Besides the ELF4 and LUX proteins [4, 16] , yeast interaction studies showed that ELF3 binds a number of protein partners, including the red light photoreceptor phyB [15] , the ubiquitin E3 ligase COP1 [25] , the floral repressor SHORT VEGETATIVE PHASE (SVP), and the clock proteins GIGANTEA (GI) and CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) [25] [26] [27] . It was thus proposed that ELF3 is a multifunctional protein, with two separable roles as a component of the EC complex, and in gating light input to the oscillator by modulation of phyB signaling [23] .
In a yeast two-hybrid screen using the PIF4 protein as bait, we identified ELF3 as a direct PIF4 interactor ( Figure 1A) . Interaction studies using deleted versions of the ELF3 and PIF4 proteins confirmed this interaction, and mapped the binding domains to the PIF4 bHLH ( Figure 1A ) and the ELF3 C-terminal regions (Figures S1A and S1B available online). The ELF3 C-terminal domain is necessary for nuclear localization [16] and protein homodimerization [15] , but PIF4 is the first partner identified in this conserved region.
We confirmed this interaction in living plant cells using bimolecular fluorescence complementation (BiFC) assays in Nicotiana benthamiana leaves. Nuclear fluorescence of the reconstituted split YFP (yellow fluorescent protein) was observed in leaves cotransfected with the ELF3-YFP C and PIF4-YFP N constructs, but not in control leaves that expressed either protein and the empty YFP N /YFP C vectors ( Figure 1B) . Moreover, coimmunoprecipitation studies of leaves expressing the PIF4-HA and ELF3-CFP proteins showed PIF4-HA in the ELF3-immunoprecipitated fraction ( Figure 1C ).
Because interaction of DELLA repressors with the PIF3 and PIF4 bHLH domains interferes with their DNA-binding activity [28, 29] , we tested whether ELF3 regulates PIF4 in a similar fashion. In transient activation assays using the pPIL1::LUC construct as a reporter of PIF4 transcriptional activity, PIF4 expression resulted in > 20-fold activation of the reporter, as anticipated. In contrast, coexpression of PIF4 and the ELF3 protein led to severely reduced LUC reporter activity (Figure 1D ), similar to that observed after RGA and PIF4 coexpression ( Figure S1B ). Levels of pPIL1 activation were unaffected when ELF4 was used instead of ELF3 ( Figure S1B ), which excluded any silencing or competition effect by the 35S promoters in both constructs, and demonstrates that ELF3-PIF4 interaction suppresses PIF4 transcriptional activity.
ELF3 Expression Reduces the Severe Elongated Phenotype of PIF4 Overexpressors
To explore the biological implications of this interaction, we generated double ELF3oxPIF4ox Arabidopsis lines, in which the PIF4 and ELF3 genes were expressed under control of the 35S promoter to avoid any ELF3 effect on PIF4 gene expression. For PIF4ox we also used a construct in which this factor was C-terminal-fused to the hemagglutinin (HA) tag to allow additional DNA interaction studies. Double overexpressors were generated by crossing ELF3ox and PIF4ox parental lines. When grown under continuous red light (cRL), these plants were shorter than PIF4ox lines (Figure 2A ), although this growth phenotype was milder in diurnal short day conditions ( Figure S2A ). Gene expression analyses showed that expression of the PIF4 targets PIL1, XTR7, PRE5, and IAA19 was reduced in ELF3oxPIF4ox compared to the parental PIF4ox, although PIF4 transcript levels were equivalent in both lines ( Figure 2B ).
ChIP-qPCR assays using primers that anneal to the G-box PIF4 recognition motifs in the PIL1 and XTR7 promoters [6, 28] confirmed that the G-box regions were less enriched in the chromatin fractions from ELF3oxPIF4ox compared to PIF4ox plants ( Figure 2D ). Moreover, no enrichment was observed with primers on the PIL1 and XTR7 coding regions, used as negative controls. These results demonstrate that ELF3 suppresses PIF4 activity via a sequestration mechanism similar to that reported for the DELLAs [28, 29] .
In contrast to the late flowering phenotype of ELF3ox lines [22, 25, 30] , double ELF3oxPIF4ox overexpressors flowered almost as early as PIF4ox plants ( Figures S2B and S2C ). Since PIF4 is reported to mediate thermal induction of flowering via direct FLOWERING LOCUS T (FT) gene activation [31] [32] [33] , we tested whether ELF3 overexpression affected FT expression. FT transcript levels were indeed reduced to less than half in ELF3oxPIF4ox compared to PIF4ox (Figure S2D ), but were considerably above those of wild-type (WT) plants (Figure S2D) . It is thus possible that FT protein levels exceed the minimal threshold required for floral transition, leading to a similarly saturated early flowering response as seen in PIF4 For RT-qPCR analyses, total RNA was extracted from 7-day-old seedlings grown in short days (8L/ 16D). The Arabidopsis PP2A gene was used as internal control. A larger scale for relative XTR7 expression is plotted (right axis). Data shown as mean 6 SD. (C) ChIP assays of 10-day-old seedlings grown in short days and shifted for 24 hr into cRL. Scheme of the XTR7 and PIL1 loci, showing the position of the conserved G-box elements (red boxes) and the negative control coding regions (green boxes), used for amplification. Relative enrichment in these fragments was quantified by qPCR using primers annealing on these regions (Table S1) overexpressors. ELF3oxPIF4ox plants also exhibited other pleiotropic alterations such as larger leaves at the rosette stage, and completed their life cycle later than PIF4ox, which evidences that ELF3-PIF4 interaction is relevant not only to the control of plant growth, but also to several other traits at the adult stage.
PIF4 Destabilizes ELF3 via Negative Feedback Regulation of phyB Levels
ELF3oxPIF4ox hypocotyl growth was more severely inhibited in cRL (Figure 2A ), presumed to lead to continuous PIF4 destabilization, than in diurnal short days ( Figure S2A ), thus suggesting a negative effect of PIF4 on ELF3 protein accumulation. In western blot studies using anti-ELF3 and -phyB antibodies, we observed that ELF3 levels were indeed substantially reduced in ELF3oxPIF4ox and PIF4ox plants ( Figure 3A) , and that altered ELF3 protein levels correlated with a reduction in phyB accumulation ( Figure 3A) . PIFs negatively regulate phyB levels by promoting COP1-mediated destabilization of Pfr phyB [34] [35] [36] , whereas yeast interaction studies showed that ELF3 interacts physically with phyB [15] . These reports led us to consider that PIF4 negative effects on ELF3 protein levels might be mediated indirectly through its phyB-attenuating function. In transient expression studies, we found that phyB coexpression markedly enhanced ELF3 protein accumulation ( Figure S3 ). In addition, whereas ELF3ox seedlings grown in short days accumulated higher ELF3 protein levels at dusk, this rhythmic pattern was lost in ELF3oxPIF4ox plants, suggesting that reduced phyB levels lead to impaired ELF3 stabilization in the light ( Figure 3B ).
We then examined ELF3 protein levels in phyBox plants and in the pifq, phyB, and phyBpifq mutant backgrounds. We detected increased ELF3 protein levels in phyBox and pifq plants ( Figure 3C ), whereas loss of phyB function in the pifq mutant completely suppressed ELF3 stabilization and led to reduced ELF3 protein levels similar to those in phyB plants, showing that PIF effects on ELF3 protein stability depend on phyB function.
As predicted from a previous report showing that ELF3 is a substrate of the E3 ligase COP1 [25] , ELF3 protein levels were elevated in cop1-4 mutants, and reduced in COP1ox plants ( Figure 3C ). These results demonstrate an antagonistic function of phyB and COP1 in the control of ELF3 stability. In addition, they suggest that light-induced translocation of phyB Pfr to the nucleus [37, 38] as well as nuclear depletion of COP1 [39, 40] are central to modulation of ELF3 protein levels and to the integration of light input signals by the clock.
As for phyB mutants, loss of ELF3 function results in early flowering, elongated hypocotyls, and a defective response to red light. The additive effects of the phyB and elf3 mutations, the intermediate phenotype of phyBox elf3 plants, and the finding that elf3 does not affect phyB protein levels had nonetheless suggested that ELF3 works in a phyB-independent pathway [15, 41] .
Our findings that ELF3 suppresses PIF4 DNA binding and that phyB stabilizes the ELF3 protein uncover an important role for ELF3 in phyB signaling, and show that these two genes converge for PIF4 inactivation. Whereas elf3-8 and phyB mutants share identical elongated hypocotyls in the dark, they ), and total protein extracts were analyzed by western blot using an anti-ELF3 antibody. Increased levels of ELF3 protein in pifq seedlings are suppressed in the phyBpifq mutant, demonstrating that the PIF4 destabilizing effect on ELF3 is mediated indirectly through negative feedback of phyB levels. ELF3 is also destabilized in COP1ox plants, whereas cop1-4 mutants accumulate higher protein levels. Blots were incubated with an anti-RPT5 antibody used as loading control. in fact have opposite hypocotyl lengths in cRL and diurnal conditions ( Figure 3D ). In cRL, elf3-8 mutants are shorter than phyB ( Figure 3D ), as phyB activity leads to continuous PIF destabilization, at difference from phyB mutants, which do not sense red light. In contrast, elf3-8 are taller than phyB mutants in diurnal light/dark cycles ( Figure 3D ), even though phyB plants accumulate higher PIF levels during the light phase. Although impaired ELF3 function leads to upregulated PIF4 expression during nighttime [4] , dark-grown elf3-8 and phyB mutants have similar, slightly taller hypocotyls than the WT, which indicates that the ELF3 protein is mostly destabilized in continuous darkness. In diurnal conditions, ELF3 is lightstabilized, and EC repression of PIF4 transcription, together with direct ELF3 suppression of PIF4 activity, gives rise to the growth inhibition observed in phyB mutants. These findings point to an important role of this inhibitory mechanism in diurnal light/dark cycles.
ELF3 Suppression of PIF4 Activity Does Not Require EC Function
ELF3ox lines have short hypocotyls and larger cotyledons (Figure 2A) , although ELF3 overexpression has only a minor effect on the oscillator [17, 22] . This would indicate that reduced growth of these plants is caused by direct ELF3 suppression of PIF4 activity, and not by downregulation of PIF4 transcription as a result of enhanced EC function. To test this possibility, we examined transcript levels of the EC targets PIF4, PRR9, and LUX [4, 21] , and the direct PIF4 targets XTR7, PIL1, PRE5, and IAA19 [6] . We observed that PIF4, PRR9, and LUX (EC targets) or CCA1 gene expression were unaffected by ELF3 overexpression, whereas levels of the PIF4 targets XTR7, PIL1, PRE5, and IAA19 transcripts were considerably reduced ( Figure 4A ).
Given that EC targets oscillate with distinct diurnal phases, we analyzed whether ELF3 overexpression shifts the expression peaks of these genes. Time course studies in short day conditions showed that GI and LUX peak amplitude was reduced in ELF3ox plants, whereas effects were less pronounced for PRR9 and PIF4 genes ( Figure 4B ). PRR9 peak levels in fact declined less compared to LUX and GI, whereas C in short day conditions, and samples were harvested at ZT 23. Total RNA was used for RT-qPCR quantification, and levels are expressed relative to the PP2A gene. Data shown as mean 6 SD. (B) Diurnal oscillation of clock and PIF4 target genes. Seedlings were grown in short day conditions for 7 days. Whole seedlings were harvested every 4 hr for a 24 hr interval. Transcript levels were determined by RT-qPCR. Relative levels are the mean of four technical replicates. Gray rectangles represent the dark period. ELF3 overexpression in ELF3ox is shown in logarithmic scale (right axis). (C) Model of the two separable roles of ELF3 in transcriptional and posttranscriptional regulation of PIF4. In the light, photoactivated phyB is translocated into the nucleus and promotes ELF3 accumulation, probably by disrupting COP1-ELF3 interaction. ELF3 binds the PIF4 bHLH domain in an EC-independent manner and impedes binding of this factor to its cognate DNA recognition sequences. During early night, ELF3 recruits the ELF4 and LUX proteins into the EC-repressive complex, which binds the PIF4 promoter via the LUX transcription factor, repressing PIF4 gene expression. As night proceeds, photoactive phyB levels decay, and COP1 accumulates in the nucleus, signaling ELF3 degradation during late night. See also Figure S4 .
for PIF4 we found only a tendency to delayed upregulation toward the end of the night ( Figure 4B ). However, due to our 4 hr sampling intervals, we cannot rule out an earlier repression at night. CCA1 is repressed by the morning-loop pseudoresponse regulators PRR7 and PRR9 [42, 43] , and, in accordance with reduced PRR9 expression in ELF3ox, CCA1 showed delayed downregulation in these plants. Marked inhibition of the XTR7, PIL1, and IAA19 PIF4 targets was also observed at dawn (as in Figure 4A ).
These diurnal patterns indicate that ELF3 overexpression leads to increased EC complex formation during early night, coinciding with strong inhibition of the GI and LUX genes. Indeed, both LUX and ELF4 show a narrow, overlapping transcription peak at dusk. Although ELF3 is overexpressed, the EC complex thus only assembles when all three proteins are present. The free form of ELF3 would accumulate at dawn and early daytime, coinciding with its inhibition of PIF4 targets ( Figures 4A and 4B ) and the negligible effects on PIF4 transcription.
Based on these observations, we propose a regulatory model in which ELF3 has two independent roles in the modulation of PIF4 activity and therefore in the control of hypocotyl elongation ( Figure 4C ). As part of the EC complex, ELF3 represses PIF4 transcription during early night, and is thus necessary for rhythmic PIF4 expression. ELF3 nonetheless also has an EC-independent function in direct suppression of PIF4 activity via a sequestration mechanism similar to that observed for the DELLAs [28, 29] . Although our experimental evidence for this inhibitory mechanism derives from studies using overexpressor lines, the ELF3 peak is much broader than that of ELF4 and LUX and shows strong expression during almost the entire night interval ( Figure 4B and [4] ). We therefore propose that direct ELF3 regulation of PIF4 protein activity has a relevant role at dawn and explains the additive phenotypes of elf3-8 and phyB mutants.
Conclusions
Here we demonstrate an unidentified ELF3 function in the direct suppression of PIF4 transcriptional activity, and show that ELF3-phyB interaction is essential in the control of ELF3 protein accumulation in the light. We also show that phyB and COP1 regulate ELF3 protein stability in an antagonistic fashion, probably by competing for interaction with the ELF3 N-terminal region [15, 25] . In addition, we show that PIFs feed back into the clock through their function in attenuating Pfr phyB and thus indirectly, in destabilizing ELF3 [34] [35] [36] . We also demonstrate that repression of PIF4 transcription requires the multiprotein EC complex, whereas inhibition of PIF4 activity is mediated directly by ELF3. Our findings thus explain the very different effects of ELF3 overexpression and loss of function on hypocotyl growth and clock rhythmicity.
PIF4 regulates increased hypocotyl elongation and accelerates flowering in response to warm temperatures [31, 33, [44] [45] [46] . Moderate temperature changes (16 C-28 C) feed into the clock through the EC complex [17, 21] , with elf3.8 mutants displaying a constitutive ''on'' response to ambient temperature signals. phyB plays a relevant role in the response to temperature cues [47, 48] , with increased temperatures shown to shift light-dependent regulation of hypocotyl growth from an inhibition to a promotion response [49] . This inverse response appears to be driven by a switch in PIF activity, and in modeling approaches, inclusion of a ''Y'' component that promotes PIF activity in a temperature-dependent manner, allows full replication of the physiological data [49] . Since light promotes ELF3 stabilization, it is tempting to speculate that the Y component is ELF3, and that elevated temperatures reverse direct ELF3 suppression of PIF4 activity (see the accompanying paper by Box et al. in this issue of Current Biology) [50] . We show that phyB and COP1 regulate ELF3 protein levels antagonistically ( Figure 3C ), and COP1 is known to participate in PIF-phyB crossregulation [35, 36] , emphasizing the highly interconnected modulation of these proteins in the nucleus. Although further studies are needed to assess how warm temperatures are actually sensed, our results indicate a central role for ELF3 in this complex regulatory network. 
